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Abstract In the Nankai Trough, southwest Japan, the Philippine Sea plate descends beneath the Eurasian
plate. The locking on the plate interface causes stress change in the seismogenic lithosphere of the
Eurasian plate. This interplate locking does not always result in stress accumulation but can cause stress
release. The present study employs shear strain energy to determine whether the stress is accumulated or
released in the seismogenic zone. While most studies employed a shear stress assuming a fault plane, the
shear strain energy is more feasible for the stress accumulation/release mapping because the assumption of
the fault plane is not required. First, we estimated the directions of the principal stress axes and the stress
ratio of the background stress field by analyzing ~8,000 focal mechanisms. In the Chugoku region, the
maximum compression axis is in the E-W direction. We then calculated the stress change due to the slip
deficit along the Nankai Trough. The stress change showed that the maximum compression is in the N-S
direction in the Chugoku region. By using both the background stress and the stress fluctuation, we
estimated the shear strain energy change caused by the slip deficit. The shear strain energy is decreased due
to the interplate locking in the Chugoku region. We also statistically compared the shear strain energy
change with the seismicity in southwestern Japan and found that the seismicity is high where the strain
energy increases.
1. Introduction
When the shear stress on a fault plane exceeds the fault strength, a rupture occurs in the form of an earth-
quake. Because the stress accumulated in the elastic crust is the driving force behind earthquake generation,
stress accumulation and release are key concepts in the analysis of earthquakes. However, there is currently
no straightforward approach for precise measurement of stress in the seismogenic zone.
Stress tensor inversion analyses are often conducted to characterize the stress field in the seismogenic litho-
sphere (e.g., Hardebeck & Hauksson, 2001; Townend et al., 2012; Townend & Zoback, 2006; Yoshida et al.,
2015, 2016) based on the Wallace-Bott hypothesis (Bott, 1959; Wallace, 1951) that faults slip in the direction
of the maximum shear stress on the fault plane (e.g., Gephart & Forsyth, 1984; McKenzie, 1969; Michael,
1987). By analyzing the focal mechanisms of many earthquakes based on this idea, we can estimate a plau-
sible stress field in the lithosphere. Somewhat similar approaches have been proposed for the stress field
estimation. Terakawa and Matsu’ura (2008, 2010) proposed a method under the assumption that the stress
release caused by earthquakes is proportional to the background stress field. Matsumoto (2016) estimated
the stress field in the lithosphere under the assumption of a constitutive relation in which the stress-free
strain produced by many earthquakes is proportional to the background deviatoric stress components. All
these approaches are able to estimate the orientations of the stress field (or the directions of the principal
stress). However, none of them can estimate either the amplitude of the stress or the magnitude of the
differential stress.
On the other hand, it is possible to calculate the stress fluctuation caused by earthquakes and plate coupling
theoretically. By analyzing seismograms and geodetic data, we can construct a model of the fault dislocation.
Then, using the source model, we can theoretically calculate the stress fluctuation tensor caused by the earth-
quake source. The value of ΔCFS (Coulomb failure stress), which is determined by the change of the shear
stress and the normal stress on a plane, is frequently used as a measure of earthquake generation potential
(e.g., Harris, 1998). When a large earthquake occurs, assuming a fault plane with the same focal mechanism as
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the earthquake, we often estimate the distribution of ΔCFS around the focal area to discuss the relation
between the aftershock activity and the stress change due to the main shock. Empirically, we expect that
the aftershocks are abundant where ΔCFS is greater than 0.01 MPa and are sparse where ΔCFS is negative
(e.g., Freed, 2005; Stein, 1999). In addition, if the region is very sensitive to the stress change, a small ΔCFS
on the order of 103 Pa (such as caused by Earth tide) can also affect the seismicity (e.g., Tanaka, 2012). In some
cases, however, the fault planes on which the ΔCFS is calculated have not been well determined. Moreover,
even in the same region, earthquakes can occur on the fault planes with different orientations (e.g.,
Hardebeck et al., 1998). If we mistakenly set the fault plane incorrectly, the ΔCFS will be misestimated.
Along tectonic plate margins, the coupling along the plate interface, or the slip deficit, also causes stress
fluctuation around the coupled region. The stress change excited by the plate locking significantly affects
the earthquake activity in the lithosphere (e.g., Kanamori, 1972). In order to assess the stress state in the seis-
mogenic lithosphere, it is important to calculate the stress fluctuation Δτij in the seismogenic zone due to
the plate locking and clarify that the stress change Δτij results in stress accumulation or release. However,
it should be noted that we cannot tell whether the stress fluctuation increases or decreases the total stress
in the seismogenic lithosphere merely by using Δτij. We must also know the background stress τij in addition
to the stress fluctuation Δτij when discussing the stress accumulation/release.
The present study proposes the use of the shear strain energy density WS ¼ τ 0ijeij
0
=2 (where τ
0
ij and eij
0
are
deviatoric stress and starin tensors, respectively) to investigate whether the stress is accumulated or released
in the seismogenic lithosphere. The shear strain energy is one of the most fundamental quantities to charac-
terize the stress state. Nevertheless, it has rarely been used to investigate the stress state in the lithosphere.
This study develops a method to make a map of the shear strain energy change caused by the stress fluctua-
tion. Section 2 introduces the shear strain energy density and derives a statistical relation between the shear
strain energy density and the shear stress on the fault planes by assuming randomly distributed fault planes
in a volume. Section 3 formulates the shear strain energy change due to stress fluctuation. Introducing a
vector defined by the differences between the principal stresses, we intuitively interpreted that the shear
strain energy increases when the stress fluctuation has a positive value along the vector direction of the back-
ground stress field. Section 4 estimates a shear strain energy change due to the interplate locking along the
Nankai Trough, Japan. We analyze the focal mechanisms and Global Navigation Satellite Systems (GNSS) data
in order to make a map of the stress accumulation/release. Section 5 statistically confirms the correlation
between the shear strain energy change and the seismicity in the seismogenic lithosphere. Section 6
discusses the seismicity activation and quiescence associated with the occurrence of huge Nankai Trough
earthquakes. Section 7 concludes this study.
2. Shear Strain Energy Density WS
We represent the stress and the strain tensor τij and ϵij by using the deviatoric stress τ
0
ij and deviatoric strainϵ
0
ij as
τij ¼ τ 0ij þ
1
3
τkkδij; ϵij ¼ ϵ0ij þ
1
3
ϵkkδij: (1)
The constitutive relation for the homogeneous and isotropic elastic medium is given by
τkk ¼ 3Kϵkk; τ0ij ¼ 2μϵ
0
ij; (2)
where the Einstein’s summation is used. Bulk modulus and shear modulus are given by K and μ, respectively.
The strain energy density W in an elastic medium is then calculated as
W ¼ 1
2
τij∈ij
¼ 1
2
τ
0
ij∈
0
ij þ
1
6
τkk∈ll
¼ 1
4μ
τ
0
ijτ
0
ij þ
1
18k
τkkτll
¼ WS þ 118kτkkτll:
(3)
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Here WS is the shear strain energy density defined as
Ws ¼ 14μ τ
0
ijτ0 ij
¼ 1
12μ
τxx  τyy
 2 þ τyy  τzz 2 þ τzz  τxxð Þ2 þ 6 τ2xy þ τ2yz þ τ2zx
 h i
:
(4)
We may consider the shear strain energy density as the strain energy den-
sity of the deviatoric strain and stress. Note that the shear strain energy
density is a scalar value and is related to a stress invariant J2 ¼ 1=6ð Þ
τxx  τyy
 2 þ τyy  τzz 2 þ τzz  τxxð Þ2
h i
þ τ2xy þ τ2yz þ τ2zx
 
(e.g., Eq.
(1.48) in Segall, 2010).
When we take the three principle stress axes as the basis axes e1, e2, and e3
in the Cartesian coordinates, the stress tensor is given by
τ ¼
τ1 0 0
0 τ2 0
0 0 τ3
0
B@
1
CA ¼
σ1 0 0
0 σ2 0
0 0 σ3
0
B@
1
CA: (5)
This study assumes that the stress τi is positive for extensional stress and
σi is positive for compressional stress (τi =  σi). The σi is chosen as
σ1 ≥ σ2 ≥ σ3, and the basis axes e1, e2, and e3 represent the directions of the maximum, intermediate,
and minimum principal compressional stress axes, respectively. The shear strain energy density WS (equa-
tion (4)) is then rewritten as
WS ¼ 112μ τ1  τ2ð Þ
2 þ τ2  τ3ð Þ2 þ τ3  τ1ð Þ2
h i
: (6)
The shear strain energy density would be one of the most fundamental quantities for earthquake occurrence,
because earthquakes do not occur in media that cannot store the shear strain energy (WS = 0), such as fluids.
2.1. An Interpretation of WS: Shear Stress on Randomly Distributed Faults
Before illustrating a method of shear strain energy change mapping in a later section, we show a relation
between the shear strain energy density and the shear stress on fault planes. By assuming randomly
distributed fault planes in a volume, we relate the shear strain energy density and the shear stress on the
fault planes.
We consider the case of a fault plane given by the azimuth angle ϕ measured from the e2 axis and the dip
angle δ as shown in Figure 1. The azimuth angle ϕ can range from –π to π and the dip angle δ from 0 to
π/2. The unit normal vector to this fault plane is given by
n ¼
n1
n2
n3
0
B@
1
CA ¼
sin δ cosϕ
 sin δ sinϕ
cos δ
0
B@
1
CA: (7)
The traction vector t and the normal component of the traction are then given by t = τ n and tn = t · n,
respectively. The shear stress ts is given by
tsj j2 ¼ tj j2  tnj j2: (8)
Figure 1. A fault plane in the Cartesian coordinates with the unit basis
vectors of e1, e2, and e3. The strike and dip are ϕ and δ, respectively. The
unit vector normal to the fault plane is n.
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Using equations (5), (7), and (8), the squared shear stress is given by
tSj j2 ¼ sin2δ cos2ϕτ21 þ sin2δ sin2ϕ τ22 þ cos2δτ23
 sin2δ cos2ϕ τ1 þ sin2δ sin2ϕτ2 þ cos2δτ3
 2
¼ sin2δ cos2ϕ  sin4δ cos4ϕ τ21 þ sin2δ sin2ϕ  sin4δ sin4ϕ τ22
þ cos2δ cos4δ τ23  2 sin4δ cos2ϕ sin2ϕτ1τ2
 2 sin2δ cos2δ sin2ϕτ2τ3  2 sin2δ cos2δ cos2ϕτ3τ1:
(9)
We then assume numerous fault planes in the elastic volume. The fault planes are randomly distributed,
and the normal vector of each fault plane is stochastically isotropic. The probability function of the normal
vector within a solid angle element dΩ(δ,ϕ) (= sin δdδ dϕ) is f(δ,ϕ)dΩ(δ,ϕ). Since the normal vector is
now stochastically isotropic, the probability density function is constant f(δ,ϕ) = 1/(2π). Noting that the
ensemble average of x(δ,ϕ) is given by
xh i ¼ ∬2π f δ;ϕð Þ x δ;ϕð Þ dΩ δ;ϕð Þ ¼
1
2π ∫
π=2
0
sin δ dδ∫
π
πdϕx δ;ϕð Þ; (10)
we calculate the ensemble average of |ts|
2 as
tsj j2
  ¼ sin2δ cos2ϕ  sin4δ cos4ϕ τ21 þ sin2δ sin2ϕ  sin4δ sin4ϕ τ22
þ cos2δ cos4δh iτ23  2 sin4δ cos2ϕ sin2ϕ
 
τ1τ2
2 sin2δ cos2δ sin2ϕ τ2τ3  2 sin2δ cos2δ cos2ϕ τ3τ1
¼ τ1  τ2ð Þ
2 þ τ2  τ3ð Þ2 þ τ3  τ1ð Þ2
15
:
(11)
Comparing equations (6) and (11), we obtain
ffiffiffiffiffiffiffiffiffiffiffiffi
tsj j2
 q ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
4μ
5
WS
r
: (12)
This suggests that the root-mean-square amplitude of the shear stress
ffiffiffiffiffiffiffiffiffiffiffiffi
tsj j2
 q
for numerous faults randomly
and isotropically distributed in space; in other words, the amplitude of the shear stress, on average, increases
with increasing shear strain energy density WS.
3. Shear Strain Energy Change Due to Stress Fluctuation
We consider the strain energy change caused by stress fluctuation:
Δτ11 Δτ12 Δτ13
Δτ21 Δτ22 Δτ23
Δτ31 Δτ32 Δτ33
0
B@
1
CA: (13)
This stress fluctuation corresponds to, for example, a gradual stress change due to interplate locking or a
sudden stress change due to a large earthquake. The stress after the fluctuation is given by the sum of
the background stress and the fluctuation as
τ1 þ Δτ11 Δτ12 Δτ13
Δτ21 τ2 þ Δτ22 Δτ23
Δτ31 Δτ32 τ3 þ Δτ33
0
B@
1
CA: (14)
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The stress fluctuation (equation (13)) changes the shear strain energy
density fromWS toWS + ΔWS. Substituting equation (14) into equation (4),
we obtain
WS þ ΔWS ¼ 112μ
h
τ1 þ Δτ11ð Þ  τ2 þ Δτ22ð Þf g2
þ τ2 þ Δτ22ð Þ  τ3 þ Δτ33ð Þf g2
þ τ3 þ Δτ33ð Þ  τ1 þ Δτ11ð Þf g2
þ 6 Δτ212 þ Δτ223 þ Δτ231
 i
: (15)
Subtracting equation. (6) from (15), we obtain the change of the shear strain energy density ΔW as
ΔWS ¼ 16μ ½ τ1  τ2ð Þ Δτ11  Δτ22ð Þ þ τ2  τ3ð Þ Δτ22  Δτ33ð Þ þ τ3  τ1ð Þ Δτ33  Δτ11ð Þ
þ 1
2
Δτ11  Δτ22ð Þ2 þ 12 Δτ22  Δτ33ð Þ
2 þ 1
2
Δτ33  Δτ11ð Þ2 þ 3 Δτ212 þ Δτ223 þ Δτ231
 : (16)
When the stress fluctuation is sufficiently smaller than the original stress |Δτij| ≪ |τij|, equation (16) is
approximated to
ΔWS ≈
1
6μ
τ1  τ2ð Þ Δτ11  Δτ22ð Þ þ τ2  τ3ð Þ Δτ22  Δτ33ð Þ þ τ3  τ1ð Þ Δτ33  Δτ11ð Þ½ : (17)
If we introduce a vector as
v ¼
τ1  τ2
τ2  τ3
τ3  τ1
0
B@
1
CA; (18)
Equation (17) is represented as an inner product of v and Δv = (Δτ11  Δτ22,Δτ22  Δτ33,Δτ33  Δτ11)T:
ΔWS ≈
1
6μ
v · Δv (19)
Equation (19) indicates that ΔWS is positive (negative) when the projection of Δv on the direction of v is
positive (negative) (Figure 2).
In practice, it is difficult to estimate τ1, τ2, and τ3 independently for a seismogenic region, while we can esti-
mate the stress orientation and the stress ratio by analyzing the focal mechanisms of earthquakes (e.g.,
Hardebeck & Michael, 2006). The stress ratio is defined as
R ¼ σ1  σ2
σ1  σ3 ¼
τ1  τ2
τ1  τ3 : (20)
Here σi =  τi, where σi is positive for compression. The value of R ranges from 0 to 1. Equation (20) gives the
differential stresses as
τ1  τ2 ¼ R τ3  τ1ð Þ; and τ2  τ3 ¼ R 1ð Þ τ3  τ1ð Þ: (21)
Substituting equation (21) into equation (17), we obtain
ΔWS ≈
τ3  τ1
6μ
R 1ð ÞΔτ11 þ 2R 1ð ÞΔτ22 þ Rþ 2ð ÞΔτ33½ 
¼ σ1  σ3
6μ
R 1ð ÞΔτ11 þ 2R 1ð ÞΔτ22 þ Rþ 2ð ÞΔτ33½ :
(22)
Figure 2. A vector v is defined by equation (18). The ΔWS is positive (nega-
tive) when the projection of Δv on the direction of v is positive (negative).
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Since τ3  τ1 = σ1  σ3 is always positive, whether ΔW is positive and negative depends on the sign of
(R  1)Δτ11 + (2R  1)Δτ22 + (R + 2)Δτ33 or the inner product of the two vectors of (–R  1, 2R  1,
R + 2) and (Δτ11,Δτ22,Δτ33). Considering that the value of –R  1 is always negative and R + 2 is always
positive, equation (22) indicates that the shear strain energy is increased when the stress fluctuation in the
maximum compressional axis is compressive Δτ11 < 0 and the stress fluctuation in the minimum compres-
sion axis is extensional Δτ33 > 0. Also, note that the change of the shear strain energy density ΔWS depends
also on Δτ22, whereas the change of the maximum shear stress does not depend on Δτ22.
4. Shear Strain Energy Change Due to the Interplate Locking Along the
Nankai Trough
In the Nankai Trough, southwest Japan, the Philippine Sea plate descends beneath the Eurasian plate
(Figure 3). Using equation (22), we evaluate the spatial variation of the shear strain energy change ΔWS in
the Eurasian plate caused by the interplate locking along the Nankai Trough.
4.1. Background Stress Orientation: Stress Tensor Inversion Analysis
First, we estimated the background stress field in this region by analyzing the seismograms recorded by the
Hi-net (High Sensitivity Seismograph Network Japan; e.g., Obara et al., 2005; Shiomi et al., 2003, 2005; Ueno
et al., 2015) from 2000 and 2011, but we did not use the seismograms recorded after the 2011 Tohoku-Oki
earthquake. The focal mechanisms of the earthquakes were determined from P wave first motion polarity
in the Hi-net seismograms. We applied the HASH code (Hardebeck & Shearer, 2002) to first-motion polarity
data in order to determine the focal mechanisms of crustal earthquakes, which occurred 5 km shallower than
the Philippine Sea plate. The stability of focal mechanism solutions can be ranked A through F in the HASH
code based on how tightly the set of acceptable mechanism solutions is clustered around the best fit ting
mechanism solution. We obtained 8,181 focal mechanisms with rank A or B. The root-mean-square differ-
ences of possible nodal planes were <25° and <35° for the rank A and B focal mechanisms, respectively.
Using these focal mechanisms, we conducted a stress tensor inversion analysis to estimate the spatial distri-
bution of stress orientations (Yoshida et al., 2015, 2016). This method gave the directions of the three princi-
pal stress axes e1, e2, and e3 and the stress ratio R (supporting information S1).
Figure 3. Map of southwest Japan. Along the Nankai Trough, the Philippine Sea plate subducts underneath the Eurasian
plate.
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Figures 4a and 4b show the directions of the e1 and e3, respectively. Figure 4c shows the direction of themax-
imum compressive stress in the horizontal plane SHmax (Lund & Townend, 2007). In a wide area of the target
region, except the tip of Kii Peninsula (see Figure 3), the maximum compression axis (direction of e1) and the
maximum compression stress in horizontal plane (direction of SHmax) oriented E-W. The minimum compres-
sion axis (direction of e3) oriented N-S. In most areas of southwestern Japan, the back-ground stress field is
characterized by the N-S extension. This result is similar to the past studies (e.g., Terakawa & Matsu’ura,
2010; Townend & Zoback, 2006).
4.2. Stress Fluctuation Due to the Plate Locking
The slip-deficit rate along the plate interface was estimated by analyzing GNSS (Noda et al., 2017). Figure 5a
shows the distribution of the slip-deficit rate. The stress change caused by the increase of slip deficit was cal-
culated at the depth of 10 km. We then estimated the principal stress Δσ1 > Δσ2 > Δσ3 of the stress fluctua-
tion tensor. Figure 5b shows the maximum shear stress change per year (Δσ1  Δσ3)/2 caused by the stress
fluctuation. Large stress change (>10 kPa/year) occurs near the coasts. Figures 5c and 5d show the directions
of the maximum compression (Δσ1) and the minimum compression (Δσ3). The slip deficit causes the com-
pression in the N-S direction in the Chugoku region caused by the plate convergence. On the other hand,
in the Kinki region and the Kyushu region, the maximum compression is in the E-W direction. Note that we
can calculate the stress fluctuation but cannot tell whether the stress is accumulated or released only
by Figures 5a–5d.
4.3. Rate of Shear Strain Energy Change
By integrating the results of the background stress (Figure 4) and the stress fluctuation rate (Figure 5), we
made a map indicating the rate of shear strain energy change. Grid points are set at the same grid spacing
as the stress tensor inversion (Figure A1b). At each grid point, we set the Cartesian coordinates of which
the basis vectors are taken as the three principal stress axes e1, e2, and e3 as estimated by the stress tensor
inversion. The stress fluctuation estimated by the slip-deficit analysis is represented in the coordinates as Δτij.
By substituting Δτij and the stress ratio R into equation (22), we estimated the rate of shear strain energy
change at each grid point. Since we cannot estimate the differential stress τ3  τ1, we plot the value,
ΔWS=
τ3  τ1
6μ
	 

≈ R 1ð ÞΔτ11 þ 2R 1ð ÞΔτ22 þ Rþ 2ð ÞΔτ33; (23)
Figure 4. Directions of principal stresses. (a) The direction of the maximum compression axis e1 and (b) the minimum
compression axis e3. The dip angle of the axes is indicated by colors. (c) Direction of the maximum principal compressive
stress SHmax in horizontal plane.
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in Figure 6. Because of the uncertainty of the differential stress, we cannot directly discuss the amplitude ΔWS.
However, since τ3  τ1 is always positive, we can tell that the stress is accumulated when ΔWS > 0 and
released when ΔWS < 0.
In the regions of Kinki and Kyushu, the shear strain energy increases (indicated by red). On the other hand, in
the Chugoku region, the shear strain energy decreases due to the interplate locking (indicated by blue). The
interplate locking does not always make the shear stress accumulate in the inland area, but it relieves the
shear stress in some regions. This is because the N-S compressional stress caused by the interplate locking
(see Figure 5a) compensates the N-S extensional stress in the background (see Figure 4b). Since the orienta-
tion of the background stress shows spatial variation, the shear strain energy increases in some parts of the
analyzed areas. However, the large area of stress release in the inland area suggests that the stress field in this
area is not mainly caused by the interplate locking. That is, if the interplate locking was the main contributing
factor, the stress change caused by the interplate locking would result in stress accumulation.
5. Comparison With Seismicity
In this section, we investigate the correlation between the shear strain energy change obtained in the pre-
vious section and the seismicity in this region. The earthquake data we used are the hypocenters of shallow
earthquakes (focal depth ≤ 20 km, M ≥ 2.0) in the Hi-net catalog (Obara et al., 2005) for the period from 2003
to 2010. To eliminate dependent events such as aftershocks and earthquake swarms, we applied a single-link
cluster algorithm in which each event is linked with its nearest neighbors on the basis of a space-time dis-
tance (Frohlich & Davis, 1990):
dST ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2 þ C2t2
p
; (24)
Figure 5. Slip-deficit rate distribution and shear stress change at the depth of 10 km. (a) Slip-deficit rate distribution at the
plate interface along the Nankai Trough (Noda et al., 2017). The blue and red color scales show slip-deficit and slip-excess
rates at intervals of 20 mm/year, respectively. The white arrows indicate slip-rate vectors on the plate interface. The
black thin lines represent isodepth contours of the Eurasian-Philippine Sea plate interface at intervals of 10 km. (b) The
maximum shear stress change rates caused by steady slip deficits. (c) The direction of the maximum compression Δσ1 and
(d) the minimum compression Δσ3 caused by the slip deficit.
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where d and t are the hypocentral distance and time difference between two events, respectively. C is a
constant to convert time to an equivalent distance and is set to be 1 km/day after the suggestion of
Frohlich and Davis (1990). Earthquake clusters are defined by joining the events with all the space-time
links shorter than some cutoff distance. As the cutoff distance, we selected 10 km, but the results were
similar when we used 5 or 20 km. We picked up only the largest event in each cluster, so that about 47%
of the events were removed from the original catalog.
Figure 7a shows the epicentral distribution of the remaining 5,037 earthquakes used in this analysis (Data
Set S1). In this figure, we also plot the rate of the shear strain energy change. The seismicity is high in the
regions of Kinki and Kyushu, which agrees with the areas of increased shear strain energy. On the other hand,
the seismicity is relatively low in Chugoku and Shikoku having decreased shear strain energy. Such a seismi-
city pattern is more clearly seen in Figure 7b, which shows the number of earthquakes in a cylindrical volume
of 30 km radius centered on each grid point. This seismicity pattern in Figure 7b seems roughly the same as
that of the shear strain energy change in Figure 7a. The correlation coefficient between the shear strain
energy change and the number of earthquakes is 0.22, which means that there is a weak but positive
correlation. To assess the statistical significance of this weak positive correlation, we also estimated correla-
tion coefficients using 100,000 random earthquake data sets, each of which includes 5,037 earthquakes
whose locations are randomly assigned within the study area. The distribution of correlation coefficients
(Figure 7c) is considered to be the asymptotic distribution in the case of the null hypothesis that earthquakes
occur randomly irrespectively of the shear strain energy change. The distribution shows the actual value of
0.22 is considerably high compared to the null expectation. Only 0.02% of the cases have values larger than
0.22, indicating that the null hypothesis can be rejected at high confidence (>99%). Although the seismicity
exhibits only a weak correlation with the shear strain energy change, the observed positive correlation is
highly significant.
6. Activation/Quiescence of the Inland Seismicity Related to Huge Nankai
Trough Earthquakes
Figure 6 indicates that the interplate locking along the Nankai Trough does not always cause the stress accu-
mulation in the inland area but rather shows the stress release in a wide area (indicated by blue in Figure 6).
This suggests that the interplate locking is not a main factor contributing to the stress field in this region, as
was already pointed out by the previous studies (e.g., Hashimoto & Matsu’ura, 2006; Townend & Zoback,
2006). The idea that the interseismic stress change due to the interplate locking does not accumulate
Figure 6. Rate of shear strain energy change caused by the slip deficit along the plate boundary of the Nankai Trough.
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secularly seems reasonable, because the stress would be released when huge Nankai Trough earthquakes
occur periodically.
On the other hand, when a huge Nankai Trough earthquake occurs and the slip deficit along the plate inter-
face is suddenly compensated by the earthquake, the shear stress energy change by the earthquake is
expected to be basically the opposite of that in Figure 6. For example, at the Chugoku region where the shear
stress energy decreases during the interseismic period, it would suddenly increase in response to a Nankai
Trough earthquake. We hence expect that the seismicity becomes more active in the region after a Nankai
Trough earthquake. This is consistent with the results of Hori and Oike (1996). They reported that large earth-
quakes occurred more often in the inland region after Nankai Trough earthquakes by compiling historical
earthquakes from the ninth century. On one hand, at the region of Wakayama, where the seismicity is very
active and the shear stress energy accumulates by the interplate locking in Figure 7, the shear stress energy
would decrease following a Nankai Trough earthquake. In fact, the seismicity in Wakayama showed signifi-
cant quiescence after the 1944 Tonankai earthquake (e.g., Kanamori, 1972; Yoshioka & Hashimoto, 1989).
Past studies reported that the seismic activation and quiescence in the inland area were associated with
Nankai Trough earthquakes (e.g., Ogata, 2004; Shikakura et al., 2014). The stress fluctuation caused by the
interplate locking and the huge Nankai Trough earthquakes significantly affects the occurrence time of the
inland earthquakes.
7. Conclusions
The present study proposed a method for the imaging of shear strain energy change (accumulation or
release) caused by stress fluctuation. Equation (12) showed that the shear strain energy is directly related
Figure 7. (a) Epicentral distribution of shallow earthquakes (focal depth ≤ 20 km, M ≥ 2.0) used in the correlation analysis
with the shear strain energy change. The rate of the shear strain energy change is also plotted in the map. (b) The
distribution of the number of earthquakes counted in a cylindrical volume of 30 km radius centered on each grid point.
(c) Frequency distribution of correlation coefficients between the shear strain energy change and the number of
earthquakes for the 100,000 random earthquake data sets. The actual value is shown by the arrow.
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to the ensemble average of squared shear stress on the fault planes when the faults are randomly and iso-
tropically distributed in the volume. In order to construct a map of shear strain energy rates caused by the
slip deficit along the Nankai Trough, Japan, we developed an integration analysis using the earthquake focal
mechanisms and GNSS data. First, we estimated the background stress field in and around the Nankai Trough
by analyzing focal mechanisms of small earthquakes. The directions of the principal stress axes and the stress
ratio were estimated (Figure 4 and supporting information S1). In the Chugoku region, the maximum com-
pression axes were estimated to lie in the E-W direction. We then calculated the stress fluctuation due to
the slip deficit along the Nankai Trough (Figure 5). The slip-deficit rate was estimated from the analysis of
GNSS data in Noda et al. (2017). The stress fluctuation shows that the maximum compression is in the direc-
tion of the plate convergence (N-S) in the Chugoku region, which does not agree with the orientation of the
background stress field. By combining the results of the background stress and the stress fluctuation using
equation (23), we produced amap indicating the shear strain energy change caused by the interplate locking.
In the Chugoku region, the shear strain energy decreases due to the interplate locking. This is because the N-S
compressional stress caused by the interplate locking compensates for the N-S extensional stress in the back-
ground. By statistically comparing the shear strain energy rate with the seismicity in the inland area, we found
the correlation between them is highly significant although the correlation coefficient is not high (Figure 7).
These findings suggest that the stress fluctuation due to the interplate locking is not a dominant factor
forming the background stress field, but rather, the stress fluctuation can affect the occurrence time of the
inland earthquakes.
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